Varved sediments are very useful for studies attempting to clarify the high-resolution record of paleoenvironments, because they are expected to contain annual or sub-annual records of depositional environments. In order to obtain annual records such as annual thicknesses, color tones, and chemical compositions, at the very least, it is necessary to detect the boundaries of annual bands. Additionally, such detection and thickness measurements should be reproducible. The detection of boundaries and the measurement of thicknesses in varved sediments are commonly carried out by megascopic or image analyses. However, human error and difficulties in assessment of reproducibility often accompany megascopic measurements. On the other hand, photographs, soft X-ray images (X-ray radiographs), and the results of XRF mapping can be used for image analysis. Image analysis methods such as the peak detection method and wavelet analysis attempt to detect varve boundaries and measure varve number and sedimentation rate; however, some difficulties remain in these analyses, especially for recognizing varve boundaries. In addition, wavelet analysis has low resolution for detecting individual lamina boundaries, and waveform analyses such as the peak detection method are not suited for data containing high-frequency physical noise.
Introduction
Annually laminated varved sediments ( Fig. 1 ) include high-resolution paleoenvironmental records; therefore, many studies have been carried out on such deposits of various ages and at various sites (Ripepe et al., 1991; Anderson, 1993; Vos et al., 1997; Berger and von Rad, 2002; Nakagawa et al., 2005; Nakagawa et al., 2012) . Primary and extremely important procedures in these studies include the identification of boundaries of varves and their laminae (sub-annual layers), varve counting, and measure-ment of the thickness of varves (Lotter and Lemcke, 1999; Petterson et al., 1999; Böoes and Fagel, 2005; Sirocko et al., 2013; Staff et al., 2013) . Some methods for identifying and measuring varves, such as megascopic measurements by microscope and image analyses (Fig. 2) , have been proposed. In some of these methods, however, problems associated with objectivity and reproducibility exist, and confirmation by the researcher through visual examination is required. In recent years, more objective identification and measurement of varves utilizing digital-image analyses have been applied (Cooper, 1997; Petterson et al., 1999; Prokoph and Patterson, 2004; Ojala and Saarinen, 2002; Ojala, 2004; Ojala and Alenius, 2005; Haltia-Hovi et al., 2007; Petterson et al., 2010) . For example, Cooper (1997) summarized techniques of image analysis for laminated sediments. Haltia-Hovi et al.(2007) used digital images of X-ray radiographs of lake sediments in Finland, and clarified the last 2000 years of climatic variability associated with solar activity. Thus, developing a high-resolution and objective age model based on varve counting by image analysis is becoming more and more important.
In the present study, we summarize methods for identifying and measuring the thickness of varves and develop a novel and simple method using a digital image of laminae. The method of the present study facilitates identification of laminae, measurement of laminae, and the acquisition of information from images of laminae (e.g., the average gray value of a lamina), which can be converted to time-series data. We applied the method to varved sediment in the middle Pleistocene Hiruzenbara Formation, Okayama Prefecture, Japan, and verified its effectiveness.
Lamina identification and measurement
In the analysis of varved sediments, counting varves to estimate an age model (e.g., Marshall et al., 2012) and measuring the thickness of varves to evaluate paleoenvironmental change (e.g., Ripepe et al., 1991) have been performed commonly. Because varves are composed of the cyclic deposits of a lamina set consisting of different components, it is necessary to identify a varve and its components (laminae) first, whether the aim is varve counting or measuring varve thickness. Photographs, soft X-ray images (X-ray radiographs; Marshall et al., 2012) , and elemental composition maps expressed as images are available to establish boundary definitions for varves or laminae by image analyses. Methods for recognizing varves or laminae and for measuring the thicknesses of varves include (1) manual microscopic analysis (Fig. 2B) , (2) peak detection from image profiles (Fig. 2C) , (3) inflection point detection in image profiles (Fig. 2D) , and (4) dominant-wavelength (annual cycle) detection in image profiles using wavelet analysis (Fig. 2E) . Some advantages and disadvantages are associated with each of these methods; however, the method used to analyze images is selected after considering of the objective of the study. In the following, we briefly summarize these methods.
Manual microscopic analysis (e.g., Zolitschka, 1996; Walker, 2005) , performed by using fresh sediment surfaces, thin sections, and photomicrographs, allows the detection of varve boundaries and measurement of varve thicknesses. Detection by megascopic analysis is relatively easy because decisions about varves and their boundaries rely on an integration of relative differences in varve color, components, and so forth. Although sub-annual laminae in varves can be detected by the method, objectivity and reproducibility are difficult to maintain. Additionally, the measurement of varve thickness suffers from the difficulty of objective boundary identification.
The method based on peak detection (peak method) of a gray-value profile of a varve image has been used mostly to count and measure varves (e.g., Marshall et al., 2012) . As fluctuations in the gray value of varve images, such as freshsurface photographs and X-ray radiographs, are clearly shown in the profiles, the method is thought to be the most effective one. However, image processing such as enhancement and filtering are required before peak detection (e.g., Cooper, 1997) , when gray-value profiles of lowquality images are used in this method. For this reason, the peak method is frequently carried out manually; lamina boundaries are, for example, identified macroscopically in the gray value profile on a PC screen . Additionally, profile peaks do not necessarily correspond to varve boundaries, so varve thickness measured by the method does not represent exact annual thickness (Fig. 2C) .
The method of detecting varve boundaries based on inflection points in gray-value profiles (slope method) can possibly detect the lamina boundaries composing a varve (Fig. 2D) . On the other hand, high-frequency noises in the varve image derived from the condition of samples can be a very severe problem in this method. That is, definition of some threshold values removing noises is required so that inflection points in the profiles of varve images can indicate lamina boundaries because fine and low amplitude noise commonly tends to have large inflection values. Although "Megascopic method." (C) "Peak method" using peaks of gray value to define a lamina. (D) "Slope method" using the rate of change in a gray-value profile. (E) "Wavelet method" for calculating sedimentation rates. Most studies have used the peak method for lamina counting. Image processing is required in many cases. The slope method has the advantage of detecting lamina boundaries; however, high-frequency noise should be avoided as much as possible. The wavelet method can be used to estimate sedimentation rates at sub-lamina resolution; however, it may, in fact, have low resolution depending on the attributes of the method. image processing before applying this method is also required in these cases, measurements of varve thickness will be easy to carry out when the lamina boundaries of the varve are recognized.
The wavelet analysis method (Prokoph and Patterson, 2004 ) has a substantial difference in results from the other methods. On the gray-value profiles in varve images, the most dominant wavelength is the one-year cycle in which the varve is composed of two different types of laminae. Spectral analyses, such as wavelet analysis, allow the detection of the dominant wavelength in the section analyzed as a series of sedimentation rates (varve thickness / year) (Fig. 2E) . Using this method, we can obtain the varve thickness as a sedimentation rate at each point of the analyzed varved sediment, but the resolution of the wavelet transform is insufficient because the peaks of dominant wavelength obtained from an actual "noisy" varved sediment having vague waveforms of gray value are broad, discontinuous and sometimes unclear (Fig. 2E ).
Of the methods described above, methods (2) to (4) have another problem relating to the analyzed line and analyzed width ( Fig. 1C to E). Varves and laminae do not necessarily have flat boundaries that continue horizontally, so the orientation of the analyzed line will affect the results, especially in a series of varve thicknesses. Therefore, it is better to use a horizontally averaged profile line with a width of several pixels ( Fig. 1E ) because high-frequency noise on the thick lines is reduced and the averaged profile is likely to have sufficient accuracy (Zolitschka, 1996) . On an actual analysis, on the other hand, the excess width of the analyzed line will produce a profile with broad peaks, which makes it difficult to detect and measure varves. Identification and measurement of varves should be treated and solved as separate issues.
A method for analyzing lamina images
In the present study, we devised a procedure composed of a varve identification method and a time-series conversion. In the present study, a varve is defined as a couplet of two different types of lamina, thus varve boundaries correspond to upper and lower boundaries of laminae. Because the procedure of the present study can apply to laminae in sediments of similar nature, such as a deposit consisting of bicolored laminae in an image, each verve is then identified based on the results of lamina identification.
For lamina identification, not only for varves, the recognition of laminae and the boundaries of the lamina are directly processed on digital images. The time-series conversion is performed based on the result of the lamina identification. We here test the procedure using an example of synthetic laminae (Fig. 3A) . A gray-value series of the synthetic laminae (sg) was formed from a composition of three types of sinusoidal waves and quasi-random numbers (ε) that range from 0 to 1 at an interval of t as follows.
In the synthetic laminae, horizontal fluctuations in gray value along the boundaries are not included (completely horizontal lamina).
(1) Identification of lamina type and boundaries
The identification of lamina boundaries is carried out by the following procedure: (1) a square-shaped sampling window W1 is set in a gray-value image of the synthetic laminae to evaluate the change rates of gray value (Fig. 3A) , (2) a linear sampling window W2 is set in an image profile from the gray-value image to calculate median values of gray value in the window, and (3) laminae boundaries are identified at the points that have the maximum change rate at the median value (Fig. 3C, D, E) . The details follow.
On a gray-value image of the synthetic laminae (Fig. 3A) , we set a square-shaped data sampling window (W1: window 1) at each pixel except for margins of the image. The window size is 3 m×3 m pixels, and each window can be subdivided to 3×3 sub-windows (Fig. 3B) . Thus, each subwindow has m×m pixels, with integer. Here, when each pixel in W1 has a gray value P (Fig. 3B) , the average gray value hij of each sub-window is then calculated by the following equation.
In each W1, the intensity of slope (change rate) (Sij) at the center of each W1 (Fig. 3B ) is calculated as follows (Kamiya et al., 1999 The values Dx and Dy, indicating distances between neighboring grids, can be ignored when the analyzed image is a regular grid because relative change rates are required for this analysis. To obtain a smoothed dataset, the preferred size of W1 is half of a "varve" thickness, suggesting the thicknesses of light and dark lamina, because the size of W1 should not largely exceed a thickness of light or dark lamina for the classification of them, and large noises on a waveform of gray value affecting lamina identification should be removed. Data smoothing and calculation of change rate in W1 yield a smoothed change-rate map (an example of a profile is shown in Fig. 3D ).
To calculate the median values along gray-value profiles, we set another window (W2) in the image along a stratigraphic section with one pixel wide and l pixels long (Fig. 3C) . In W2, gray values of pixels are sorted and a median value suggesting a lamina boundary value is calculated. Thus, the length l of the W2 along the section should contain one or two sets of "varve" (a couplet of lamina) thickness. A median value is first calculated in a W2. Then, we move to a neighboring pixel along the stratigraphic section, set a subsequent W2, and repeat this procedure on all areas of the image except for intervals within l/2 pixels from the top and base.
A lamina boundary is identified at the point having the largest value of change rate in W1 corresponding to a median value calculated in W2, which is used for identification of the lamina types (Fig. 3C, D, E) . In fact, when the gray value of a pixel in a W2 is larger than the median value (Fig. 3C ) and the pixel is between two peaks in the change rate of slope (Fig. 3D) , the pixel is determined as one of pixels in a "light-colored" lamina. On the other hand, when the gray value of a pixel in a W2 is smaller than the median value (Fig. 3C ) and the pixel is between two peaks in the change rate of slope (Fig. 3D) , the pixel is determined as one of pixels in a "dark-colored" lamina. If a pixel does not match either of the two definitions, the pixel is classified as neutral. In this manner, the laminae image is converted into a lamina identified map (Fig. 3E) .
Pixel sizes of the W1 and W2 mentioned above can be decided arbitrarily and be adjusted later, but the decision to use a spectral analysis is preferable for objectivity. When a spectral analysis, such as a wavelet analysis (e.g., Prokoph and Patterson, 2004) , is applied to a gray-value profile of a varved sediment image (e.g., Figure 1C ), we can obtain the most dominant wavelength of the profile suggesting an annual lamina thickness as an index of W2. Because W1 acts as a smoothing window, it should be smaller than half of the dominant wavelength.
(2) Measurement of lamina thickness Measurement of lamina thickness or the conversion of varve data to time-series data is processed by using the lamina-identified map as follows (Fig. 4) . First, pixel numbers are counted along the horizontal direction to make histograms of "light-colored" and "dark-colored" pixels ( Fig. 4C and D stratigraphic direction of the lamina-identified map (Fig.  4B) . Because the pixel values in the synthetic laminae are emplaced to continue in the horizontal directions for simplicity, fluctuations of the lamina-identified map in that direction are not observed and pixel frequencies are changed completely at the boundaries (Fig. 4C, D) . In actual varves or laminae, lamina boundaries commonly fluctuate and many "neutral" pixels are included, so the histograms have tails at both sides and are overlapped together. In this case, a point at which the most frequent pixel type changes is defined as a varve boundary. The thickness of a lamina is calculated from the pixel number between two boundaries. "Averaged raw" pixel values of each lamina can be used as an index gray-value of the lamina (Fig. 4D) . The values obtained from the "raw" pixel data can also be used in a time-series analysis.
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Application to varved sediments of the middle Pleistocene Hiruzenbara Formation (1) Lacustrine varves of the Hiruzenbara Formation
The middle Pleistocene Hiruzenbara Formation, including lacustrine diatomites, is distributed in the Hiruzenbara Highland, Maniwa City, Okayama Prefecture, southwest Japan ( Fig. 5; Research Group for Hiruzenbara, 1975a, b) . The Hiruzenbara Formation consists of dammed lake deposits of the Paleo-Hiruzenbara Lake, which formed in the Hiruzenbara Highland around Marine Isotope Stage 13 (Research Group for Hiruzenbara, 1975a, b; Ishihara and Miyata, 1999) . The formation consists of a lower lake deposit of varved diatomites and an upper fluvial deposit of conglomerates. The diatomites, composed of 95% or more of fossil diatoms, contain varved sediments in most parts of the lower Hiruzenbara Formation.
Light-green laminae consist of a large Stephanodiscus sp., which bloomed during the winter season, whereas darkgreen laminae are composed mainly of small Cyclotella comta, which bloomed from spring to autumn. Thus, a couplet of light-and dark-green laminae indicates an annual sediment layer (Research Group for Hiruzenbara, 1975a, b; Ishihara and Miyata, 1999) . Cyclicities corresponding to solar activity are found in the time series of varve thickness (Ishihara and Miyata, 1999) . A varve of the Hiruzenbara Formation, annual sediment with a thickness of 2 to 3 mm, consists of a couplet of light-and dark-green laminae (Fig.  1) .
A block sample of the varved sediment, 250×15×15 mm, was obtained from the lowest part of the formation at a mining pit of the Showa Chemical Industry Co., Ltd. in the Hiruzenbara Highland. A soft X-ray image of the sample (Fig. 1A, B) , which was thinned to a thickness of 7 mm, was obtained as a negative film and converted to a digital image with a resolution of 1200 dpi. The exposure time for the image was 3.5 min, and the acceleration voltage and tube current were 40 kV and 3 mA, respectively. In the soft Xray image, the light-green laminae exhibit as dark layers because they are porous and have low density, whereas the dark-green laminae exhibit as light layers. The image shows some clearly laminated parts and some unclearly laminated parts (Fig. 1A, B) . High-density laminae, such as those at ca. 165 mm from the top, suggest dark-green laminae containing much silt derived from river inflow.
(2) Identification of a varve
The identified varves are shown in Figure 6 as tricolored lamina-identified maps with varied smoothing window sizes. The smoothing windows are changed from 30 to 60 pixels in W1 and from 1.5 to 2.5 mm (71 to 118 pixels) in W2. In Figure 6 , black pixels suggest the high-transmittance light-green laminae, and white pixels suggest the low-transmittance dark-green laminae. Gray pixels represent an unidentified pixel type or the margin of the analyzed image. The unidentified type, which cannot be identified as a white or black pixel, includes irregular pixels such as points having the same gray values in adjacent pixels at the median value in the W2. The margin of the maps (Fig. 6 ) depends on the smoothing window sizes, i.e., when the size of W1 is 60 pixels, about 30 pixels are colored gray at both sides of the map, and the top and base are also colored gray with half the size of W2.
In Figure 6 , the map with W1 of 40 pixels and W2 of 1.5 mm (71 pixels) shows the smallest number of gray-colored pixels, so the map is an example of a mostly identified map. The best window sizes correspond to lamina thickness such that W1 is about half of a lamina thickness and W2 is the average thickness of a lamina as described above.
(3) Measurements of the varve data
The identified laminae in the map do not necessarily align horizontally and some laminae pinch out, so the thickness measurement depends on the analyzed width. In this case, however, we used the maximum width (336 pixels＝ca. 7 mm) of the map in the trial to test difficulties of the measurement.
Time-series graphs of varve thickness, laminae thickness, and the average and variance of gray values in a lamina, an indicator of the transmittance of soft X-rays, are shown in Figure 7 . The time-series graph of varve thickness fluctuates from 1 to 3 mm, especially in the upper part. Thickness fluctuations of "white-" and "black-colored" laminae are broadly concordant with the time-series graph of varve thickness, as the "black-colored" laminae tend to vary in the upper part. The time-series graph of average gray value shows higher values in the lower parts of both colored lamina. In the time-series graph, a high-density lamina, illustrated in Figure 1A , is clearly confirmed in the 94th "white-colored" lamina from top (Fig. 7) . The time-series graph of variance normalized by average gray value suggests heterogeneity in laminae, but no clear trend can be observed in Figure 7 .
Discussion
In the present study, we summarized varve analysis methods and devised a newly automated method for identifying and measuring laminae of varves. As a result, we obtained time series of lamina properties, such as average gray value in addition to varve thickness, when we applied the present method. Because the method uses a "raw" digital image despite processed image data, we could obtain additional varve information in the image, such as averaged gray-value in each lamina.
Most of the methods for varve counting and measurement of their thickness in previous studies have been carried out on a thin line in an image to be analyzed (e.g., Tiljander et al., 2002) . Furthermore, many automated methods using a digital image of varves use the peak method because the main subject of these studies is obtaining a precise age model for paleoenvironmental analyses (e.g., Marshall et al., 2012) . In the present study, we proposed a procedure in which boundary identification is first obtained. Then, thickness of lamina is measured based on the result of the lamina identification. When varve identification and measurement was carried out under a single operation in some previous studies, the accuracy of the operation remained unclear. However, because we separated the operations, some complications could be realized and solved, i.e., problems related to the width and location of the scan line for analyzing the image, which probably affect varve In these maps, low-density laminae have a high transmittance value for soft X-rays and are thus defined as "dark-colored" laminae, whereas high-density laminae are defined as "light-colored" laminae. Gray-colored pixels indicate parts in which a varve was not identified at the margins of the image. The lamina map using windows of 40 pixels (W1) and 1.5 mm (W2) is suitable for translating to a time series. identification, could be avoided in the present study. We can also measure the thickness of varves in a given location and the width on a varve-identified map for any purpose.
Examples of the peak method applied to the synthetic image (Fig. 3F) suggest that identified lamina numbers are strongly influenced by window sizes. In the peak method, each lamina was detected at the lowest value of change rate of gray value in a moving window. The window sizes of the examples in Figure 3 are 10 pixels (upper) and 15 pixels (lower). Although the detected laminae clearly correspond to peaks of the gray-value profile, noises on the profile are also detected in the example of the narrow window (Fig. 3F  upper) . The example of the wide window (Fig. 3F lower) shows the same lamina number in the result of the present method (Fig. 3E ), but lamina boundaries could not be detected. One advantage of the present method is the ability to measure thickness of each lamina based on the identification of lamina boundaries.
We set two smoothing windows, W1 and W2. These window sizes were assumed arbitrarily; however, a more objective procedure for window determination based on the dominant wavelength can be implemented by using spectral analysis (e.g., Prokoph and Patterson, 2004 ), as described above. A changeable moving window size based on the dominant period (annual lamina thickness) allows more precise varve identification because the window sizes (Fig. 1A) . (D) Time series graph of variance of the gray value in each lamina. Values of variance are standardized using the average value. Arrow indicates the low-transmittance 94th lamina from the top. The highly variant value of variance at the 18th varve from the top suggests a varve containing a very thin portion of light-and dark-colored lamina in from opposite lamina, respectively. strictly affect the identification map (Fig. 6) .
Finally, in the present study, we used a soft X-ray image for analysis, but digital images such as a picture of a fresh surface and element mapping data can be applied to the method. The present method will be a helpful tool for analyzing paleoenvironmental records.
Conclusion
Identification of laminae boundaries in varved sediments and measurement of their thickness are the most basic and important procedures for obtaining high-resolution paleoenvironmental information. In the present study, we proposed a novel imge-analysis method and applied to identify lamiae in varved sediments of the Hiruzenbara Formation and to automatically measure the thickness of and information contained in the laminae. The method of the present study allows us to identify lamina boundaries well and measure lamina thickness, averaged gray value, and variance of the gray value in each lamina. The time series of varve thickness data and gray value of laminae evaluated by the method have the potential to provide more objective paleoenvironmental data for analyses. Additionally, the method is quite simple and robust, so application of the method to other cyclic deposits is not difficult.
